The expression of herpes simplex virus Y2 (late) genes is inhibited before the onset of viral DNA replication. We report that the block in the expression of certain 'Y2 genes is relieved, at least in part, by defects in the i ICP8 protein. We 
A common theme illustrated in the productive infections of eucaryotic cells by DNA viruses is the tightly controlled, developmentally regulated expression of viral genes. Certain viral gene regulatory circuits provide appropriate model systems for the study of cellular gene expression. Although several viral-or cellular-positive regulatory factors have been identified, relatively few well-defined negative regulatory functions have been characterized. In general, viral late genes are expressed at very low levels before viral DNA replication. By an as yet undetermined mechanism, DNA replication or genome amplification results in a burst of late gene activity. The factors that restrict late gene expression before DNA replication and the mechanism by which viral DNA replication increases late gene expression are poorly understood. Elucidation of the mechanism by which these viral genes are regulated may prove useful in understanding the regulation of cellular genes whose expression is linked to DNA replication.
Herpes simplex virus (HSV) is a large DNA virus that replicates in the cell nucleus (40, 44, 47) . The infection of permissive cells results in the induction of more than 50 polypeptides, many of which have been shown to be encoded by the virus. The genes have been divided into three general classes, a, 1, and -y, based on differences in their order of expression and the viral gene products necessary for their synthesis. The -y class has been further subdivided into the lYl and Y2 classes. In the initial stages of a lytic infection, the viral a genes are expressed from the parental genomes. a gene products activate the expression of viral ,B genes from unreplicated genomes. The a and P genes are required for the efficient expression of viral lyl and Y2 genes. Unlike a or genes, after DNA replication, the expression of yl and Y2 genes greatly increases. ZYi and Y2 genes are distinguished by the observation that _Y2 gene expression is barely detectable in a normal lytic infection before viral DNA replication, whereas -Yl gene expression is readily detected (40) .
We have shown that HSV temperature-sensitive mutants encoding a defective p gene product, ICP8, overproduce certain a, ,B, and -Yl proteins and mRNAs at the nonpermis-of total cytoplasmic RNA were denatured, fractionated in 1% neutral agarose gels containing formaldehyde, blotted onto nitrocellulose, and hybridized with nick-translated probes as previously described (14) . Autoradiography was performed with intensifying screens at -70°C.
Sl analysis of viral mRNAs. To identify the 5' end of the glycoprotein C (gC) mRNA, total cellular RNA was isolated after the lysis of cells with guanidine isothiocyanate as previously described (32) . Fifty-microgam samples of RNA were precipitated with ethanol. The precipitate was collected by centrifugation at 15,000 x g for 15 min and then washed with 75% ethanol. The precipitate was dissolved in 20 ,ul of a solution containing 100 to 200 ng of 5'-end-labeled DNA probe, 80% formamide, 400 mM sodium chloride, 40 mM PIPES (piperazine-N,N'-bis(2-ethanesulfonic acid) [pH 6.4]), and 1 mM EDTA (4), heated at 76°C for 10 min, and then incubated at 64°C for 8 h. The samples were diluted into 200 ,ul of buffer (0°C) containing 280 mM sodium chloride, 50 mM sodium acetate, 4.5 mM zinc acetate, 25 ,ug of denatured salmon sperm DNA per ml, 5% glycerol, and 500 U of Si nuclease (Boehringer Mannheim, Mannheim, Federal Republic of Germany) per ml. After incubation at 35°C for 1 h, the reaction was terminated by the addition of ammonium acetate to 0.5 M and EDTA to 12.5 mM. The reaction was extracted with equal volumes of phenol and chloroform, and the nucleic acids were then precipitated with 2 volumes of ethanol. The products of the S1 nuclease reaction were resolved by electrophoresis in 8% polyacrylamide gels containing 8 M urea (33) . The gels were fixed in 10% acetic acid for 20 min and then dried. Autoradiography was performed with Kodak XRP-5 film at -70°C with an intensifying screen. To identify the gC mRNA splice acceptor sites, 2.5 ,ug of polyadenylated RNA (isolated from total cytoplasmic RNA by oligodeoxythymidylic acid-cellulose [Collaborative Research, Inc., Waltham, Mass.] chromatography) was mixed with 100 ,ug of Escherichia coli tRNA (Boehringer Mannheim) and precipitated with 2 volumes of ethanol. The precipitate was treated as described above, and the products of the S1 nuclease reaction were separated by electrophoresis in 4% polyacrylamide gels containing 8 M urea (33) .
Preparation of nick-translated and end-labeled probes. Plasmid DNAs were isolated by CsCl equilibrium density gradient centrifugation of alkaline lysates from plasmidcontaining cells (32) . The HSV-1 or a-tubulin DNA inserts were cleaved from the vector DNA by digestion with the appropriate restriction enzyme. For nick translation, the fragments were purified by electrophoresis through neutral agarose gels and then isolated by electroelution (34) . They were labeled by nick translation (39) with [a-32P]dCTP (1, 600 Ci/mmol; New England Nuclear Corp., Boston, Mass.) to a specific activity of 1 x 108 to 3 x 108 cpm/,ug. Before end labeling, restriction endonuclease-generated DNA fragments were treated with calf intestine alkaline phosphatase (Boehringer Mannheim). DNA probes labeled at the 5' end were prepared with polynucleotide kinase and [-y-32P]ATP (ICN Chemicals, Inc.) (33) .
Synthesis of viral DNA in infected cells. Confluent monolayer cultures of Vero cells were infected as described above with 20 PFU per cell of the indicated HSV strain. As indicated, cells were incubated from the time of infection until the time of harvesting in the presence of 400 ,ug of PAA per ml of medium. At 1 h postinfection the inoculum was removed, and the cells were overlaid with medium 199-1% inactivated calf serum containing 20 ,uCi of [methyl-3H]thymidine (New England Nuclear) per ml. At 8 h postinfection, DNA was extracted from the cells as previously described (22 (32) .
Quantitation of viral DNA molecules in infected cells. Vero cells were infected with either tsl8 or KOS1.1 in the presence or absence of PAA as described above. At 8 h postinfection, the cells were harvested and lysed with 1% Nonidet P-40 as described for the isolation of cytoplasmic RNA (14) . The nuclear pellet was washed with a detergent mixture (26) and then suspended in 10 mM Tris-hydrochloride-10 mM EDTA (pH 8.0) with 0.6% sodium dodecyl sulfate. Pronase was added to 200 ,ug/ml, and the nuclei were incubated for 12 h at 37°C. NaCl was added to 0.3 M, and the suspension was extracted once with an equal volume of phenol and chloroform and then once with chloroform. The aqueous phase was treated with 10 ,ug of RNase A per ml for 30 min at 37°C, and nucleic acids were precipitated with 2 volumes of ethanol. Equal quantities of DNA were digested to completion with BamHI. As an internal control for complete digestion, 1 ,ug of lambda DNA was added to each sample, and digestion was monitored by electrophoresis through neutral agarose gels and ethidium bromide staining. The nuclear DNA molecules were resolved by electrophoresis through a 0.8% neutral agarose gel and transferred to nitrocellulose (32) . The conditions for hybridization of the probe to DNA immobilized on the nitrocellulose strips were exactly as described previously (14) (11) are indicated. The minor processed forms of the 2.7-kb mRNA, 2.6, 2.3, and 2.1 kb, are also shown. The 2.3-kb mRNA actually consists of at least three species that differ slightly in the splice acceptor sites. The independently initiated 0.9-kb -Y2 mRNA coterminal with the gC family of mRNAs is also shown. The fragments used in the S1 mapping experiments (Pstl-SstII and Pstl-EcoRI) and the fragment used as a probe for the gC mRNA and to determine the gC gene copy number (EcoRl-BamHl fragment I-I) are indicated.
gene is an unspliced 2.7-kilobase (kb) mRNA. A number of minor transcripts (2.6, 2.3, and 2.1 kb) are derived from the 2.7-kb mRNA by splicing. These mRNAs are referred to as the "gC family" of mRNAs (10, 11) . The minor transcripts share a short leader sequence at the 5' end that is spliced to sequences ca. 100, 400, or 625 bases downstream from the start of the 2.7-kb mRNA ( Fig. 1) . Nucleotide sequence data indicate that both the 2.7-and the minor 2.6-kb mRNAs can encode the gC polypeptide. The functions of the 2.4-and the 2.1-kb mRNAs are not known. In addition, a 0.9-kb mRNA overlaps the 3' end of the 2.7-kb mRNA. This unspliced mRNA terminates at the same site as does the 2.7-kb mRNA but appears to be initiated at its own promoter. A 4.3-kb minor transcript also maps in this region but has not been fully characterized (11) .
We used Northern blot analysis to characterize the effects of DNA replication on the accumulation of these mRNAs. These mRNAs were very abundant in samples of RNA isolated from cells infected with a wild-type virus ( Fig. 2A , lane 6). The inhibition of viral DNA replication in cells infected by the wild-type virus resulted in a drastic decrease in the accumulation of the gC family of mRNAs ( Fig. 2A , lane 4). The 0.9-and 4.3-kb mRNAs were also reduced when DNA replication was blocked. In other experiments, we used quantitative slot blots to compare the amounts of these transcripts in cells infected with ts+ virus in the presence or absence of AraT, another inhibitor of viral DNA replication (2, 17) . The amount of stable RNA transcribed from this region in the presence of AraT was only 1 to 2% of the level observed in the absence of AraT (data not shown). In agreement with the observations of Frink et al. (10, 11) , these mRNAs appear to be regulated as Y2 transcripts.
We then examined the effects of a defect in ICP8 on the expression of these mRNAs. ICP8 is an essential function for viral DNA replication. Cells infected with the temperature-sensitive ICP8 mutant KOS1.1 ts18 at the nonpermissive temperature (39.5°C) synthesize less than 0.1% of the amount of DNA synthesized in cells infected by the wildtype virus (18) . The mutant protein is defective for binding to viral DNA in vivo (28) . In cells infected with ts18 at 39.50C and blocked for DNA replication by the temperature-sensitive defect or by the temperature-sensitive defect and PAA, the inhibition of gC mRNA accumulation was partially overcome ( Fig. 2A, lanes 5 and 3, respectively) . Under these latter conditions, the gC family of mRNAs accumulated to ca. 10% of the level found in cells infected by a replicating wild-type virus. It is noteworthy that the 0.9-kb mRNA accumulated to a level nearly equal to that found in cells infected by a replicating wild-type virus. At the permissive temperature (330C) there was only a very low amount of the gC family and of the 0.9-and 4.3-kb mRNAs in PAA-treated cells infected with either tsl8 or ts+ virus ( Fig. 2A, lanes 1  and 2) . Thus, the regulation of these mRNAs in cells infected with the mutant appeared nearly normal at the permissive temperature.
To control for the possibility that mRNA samples were degraded or lost, the same blot was probed with a nicktranslated x-tubulin cDNA clone (30) . The amount of the 1.6-kb a-tubulin mRNA varied somewhat but did not correlate with the amount of gC mRNAs (Fig. 3) .
The conditional, lethal temperature-sensitive phenotype of tsl8 is the result of a mutation in the ICP8 gene (18, 28) . However, it is formally possible that a second, nonlethal temperature-sensitive mutation is responsible for the altered regulation of these Y2 mRNAs. We constructed a ts+ derivative of ts18 by marker rescue with the cloned HSV-1 BamHI V DNA fragment (HSV-1 map coordinates 0.397 to 0.411). This fragment is contained almost entirely within the gene boundaries of ICP8 (18, (Fig. 5, lanes 1 and 2) . As expected, there was a huge increase in the gC gene copy number in the nuclei of cells in which viral DNA replication was occurring (Fig. 5, lane 3) . Taking into consideration that 50-fold less DNA from this sample was loaded onto the gel, we calculate that there were, on the average, 200-to 250-fold more copies of the gC gene in the nuclei of cells in which viral DNA replication was occurring. Obviously, this analysis does not indicate the fraction of these DNAs that serve as templates for transcription. We conclude that the difference in the expression of _Y2 genes from parental genomes in cells infected with tsl8 or ts+ virus at 39.5°C was not due to differences in the number of viral DNA molecules that enter the nucleus.
Fine structure analysis of y mRNAs produced in the presence or absence of viral DNA replication. The process of viral DNA replication influences the primary sites of initiation for the mRNAs transcribed from the simian virus 40 early transcription unit (5, 12, 16) The amount of labeled DNA that sedimented in Nal gradients with the density of viral DNA was determined, and the results are shown in Fig. 4 . The amount of labeled DNA sedimenting with the density of viral DNA from PAA-treated cells infected with either tsl8 or ts+ virus was similar to the amount found in the mock-infected culture. Thus, PAA inhibited viral DNA replication very efficiently under these conditions. The efficiency of plaque formation at 33°C of the mutant tsl8, the wild-type virus, and the rescued virus 18Rsl in the presence of various concentrations of PAA was identical (data not shown). Therefore, differences in sensitivity to PAA did not account for the altered regulation of these Y2 mRNAs.
In these experiments, cells were infected with 20 PFU per cell of either the ts or ts+ virus. Conceivably, the temperature-sensitive defect could affect the viral particle/PFU ratio. Fig. 2A was rehybridized with an a-tubulin cDNA probe (30) . The origins of the RNA samples are the same as described in the legend to Fig. 2A . The size of the major transcript detected with this probe is indicated in kilobases on the left. (19) . This monoclonal antibody immunoprecipitates the fully glycosolated 130,000-Mr form of gC as well as the 110,000-Mr precursor, pgC (7, 43 ). The precipitated proteins were then analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. In pulse-labeled cells infected with a replicating virus, the label was incorporated primarily into pgC (Fig. 8, lane 7) . The amount of this protein that was immunoprecipitated from PAA-treated cells infected with the ts+ virus was greatly reduced (Fig. 8, lane 3) . Under these latter conditions, small amounts of this protein were reproducibly observed. The amount of pgC in PAA-treated or untreated cells infected with ts18 was greater than 10% of the level of pgC observed in wild-type infections (Fig. 8, cf. lanes 2 and  4 with lane 5) . Thus, the block in synthesis of this _Y2 protein was partially overcome in cells infected with tsl8. The levels We determined whether the splice acceptor sites of the 2.6-and 2.3-kb mRNAs were utilized. The probe used was 5' end labeled at the EcoRI site (nucleotide 560) and extended to the PstI site at nucleotide -350. RNA isolated from untreated cells infected with the ts+ virus protected a major fragment of 590 nucleotides that corresponds to the unspliced mRNA. Bands of 605, 640 (corresponding to the 278-and 310-nucleotide bands discussed above, respectively), 205, 160, and 120 nucleotides (corresponding to the multiple splice acceptor sites of the 2.3-kb mRNA [10, 11] ) were also observed (Fig. 7, lanes 3 and 5) . To our surprise, we did not detect a 470-nucleotide fragment corresponding to the acceptor site of the minor 2.6-kb mRNA (11). Conceivably, this reflects differences in splice acceptor utilization due to the particular HSV strain used or to different experimental conditions. These results indicate that the same acceptor sites used during a normal lytic infection by the ts+ virus were used in infections by tsl8. (Fig. 7, lanes 3  and 4) .
7Y2 mRNAs are translated in cells infected with ICP8 mutants. We also determined whether cells infected by ICP8 mutants were competent to translate Y2 mRNAs. Cells were infected at 39.5°C with tsl8 or ts+ virus in the presence or absence of PAA. After an 8-h incubation at 39.5°C, the cells Fig. 1 of synthesis of this protein, as measured by immunoprecipitation, were proportional to the amounts of gC mRNAs in the cytoplasm determined by Northern hybridization (Fig.  2A) (9, 41) or Y2 (42) promoters stably integrated into the cellular genome. Although superinfection of these cell lines with HSV results in transactivation of these genes, amplification of the DNA sequences containing these genes does not appear to be necessary for promoter activity.
One model to explain the regulation of Y2 gene expression is as follows. The transcription of Y2 genes is dependent on the synthesis of (x proteins. However, Y2 genes are transcribed only at very low levels from unreplicated genomes.
The low level of Y2 transcription would be due to the intrinsically weak activity of these promoters and inhibition by viral and cellular trans-acting factors. Viral DNA replication alters the template structure, resulting in the activation of Y2 promoters. This, along with genome amplification, results in high-level expression of Y2 genes.
In the context of this model, ICP8 is involved, either directly or indirectly, in the repression of transcription of these genes. ICP8 can bind to either single-or doublestranded DNA (24, 29, 36) , but no sequence specificity has been observed. ICP8 could repress transcription by coating double-stranded viral DNA in a nonspecific manner. Alternatively, ICP8, perhaps together with additional proteins, recognizes specific features of viral DNA not reproduced in in vitro DNA-binding assays, such as chromatin structure.
A second possibility is that ICP8 acts at a posttranscriptional level to control Y2 mRNA accumulation. In this model, Y2 mRNAs are transcribed from parental genomes but are rapidly degraded. DNA replication would result in genome amplification, high-level transcription of Y2 genes, and thus, accumulation of detectable levels of Y2
transcripts. In the context of this model, ICP8 could act directly or indirectly to affect the processing or stability of viral mRNAs. It has been reported that the functional half-life of y mRNAs is relatively short (20, 50) . ICP8 could affect the processing or stability of these transcripts, either at the nuclear matrix (37) (15, 35) . Like the ICP8 protein, it binds to single-stranded DNA (45) . To the best of our knowledge, sequence-specific binding of DNA by the adenovirus 72K protein has yet to be demonstrated. The mechanism by which ICP8 affects HSV gene expression is still unclear. Current data are consistent with ICP8 affecting the transcription of HSV early genes, but this has not been demonstrated directly (14) . This 
